Introduction
============

Intramedullary nailing (IN) is a method of choice for treatment of long bone fractures. This treatment has two choices of bone preparation for fixation: un-reamed and reamed technique. The reamed IN (RIN) method uses a long reamer instrument in order to open the fractured bone medullar canal to insert the nail in a more fitted way to the fractured long bone ([@b1-mmr-22-03-2521]). The nailing procedure affects the biological environment of the bone and thus the fracture healing ([@b2-mmr-22-03-2521]).

During RIN procedure several changes take place in the medullary canal. The first parameter that is affected is the intramedullary pressure which rises as a result of the effect of the reamer device in the bone canal. The normal blood flow in the long bones is centripetal. Under the increase of the intramedullary pressure, the blood flow is reversed to centrifugal ([@b3-mmr-22-03-2521],[@b4-mmr-22-03-2521]). The reversed flow drifts medullary content into the systematic circulation through the metaphyseal vascular systems ([@b5-mmr-22-03-2521]). The medullary content is called 'debris' and several investigations were performed in order to reveal its components. It was shown that 'debris' is a source of mesenchymal stem cells (MSCs) ([@b6-mmr-22-03-2521]), which can be cultured *in vitro*. RIN releases several growth factors which along with the cell debris promote an osteogenic effect. MSCs are multipotent stem cells which can differentiate into several tissues as adipocytes, chondrocytes and osteocytes. Their ability to regenerate human body tissues directed a large amount of research to investigate their possible role in several diseases and most importantly resulted in their usage as treatment in the field of medical practice of regenerative medicine ([@b7-mmr-22-03-2521]). Mobilization and homing of MSCs from the bone marrow (BM) pool occurs following tissue damage such as burn trauma, muscle damage and cardiac stroke ([@b8-mmr-22-03-2521]--[@b12-mmr-22-03-2521]). Several molecules are implicated in the MSC homing and migration. Among the chemokines tested in an *in vitro* migration model, stromal cell-derived factor 1 (SDF-1) showed significant chemotactic influence. BM-MSCs express C-X-C motif chemokine receptor 4 (CXCR4) which circulates toward SDF-1 gradients ([@b13-mmr-22-03-2521]). Under normal circumstances BM-MSCs remain at the BM niche under the action of SDF-1/CXCR4 axis. The CXCR4/SDF-1 axis is considered to be the key effector of MSC homing and migration. In case of inflammation following tissue damage, such as RIN, several enzymes released following the release of chemokines affect the integrity of SDF-1 and CXCR4 and promote mobilization by breaking the 'anchors' of MSCs inside the BM pool ([@b14-mmr-22-03-2521],[@b15-mmr-22-03-2521]). There are data suggesting that platelet-derived growth factors AA and BB can influence MSC migration at remote sites from the initial injury in patients with fractures by changing the cell surface receptors CD140a and CD140b, which lead to MSC proliferation ([@b16-mmr-22-03-2521]). However, there are to date no studies addressing the effect of CXCR4/SDF-1 axis in patients with fractures. The purpose of the present study was to evaluate the effects of RIN on the MSC pool in the iliac crest BM (IC-BM) in patients treated for long bone fractures and the possible role of CXCR4/SDF-1 axis.

We report increased serum levels of SDF-1 following RIN, inversely correlated to CXCR4 mRNA level alterations in IC-BM MSCs. These results indicate evidence for a systemic SDF-1 up-regulation and an influence of RIN at MSCs pool, a remote site from RIN.

Patients and methods
====================

### Selection of patients

In total, 15 patients were included. They were diagnosed with fracture on the diaphysis of a long bone, femur or tibia. The selected therapy was surgical and specifically IN of the injured bone. The IN procedure included reaming (RIN) of the bone canal in all cases. The inclusion criteria were: i) age ≤65 years; ii) no co-morbidities; iii) no history of steroid medication; and iv) the surgery to take place within the first 24 h following the incident of fracture. The Ethics Committee of the University Hospital of Heraklion approved the experimental study protocol (Decision no. 185, Protocol no. 14880/14/1/2015). All patients included in the study were informed and written consent was obtained.

### BM-MSCs isolation and culture

BM samples were aspirated from the anterior posterior iliac crest and cultured *in vitro* according to a previously described protocol ([@b17-mmr-22-03-2521],[@b18-mmr-22-03-2521]). For each patient two BM samples of 10 ml each were aspirated, one before the surgical procedure and a second immediately after the end of the surgery. Briefly, BM mononuclear cells (BM-MNCs) isolated by Histopaque-1077 (Sigma-Aldrich; Merck KGaA) centrifugation, were cultured in Dulbecco\'s modified Eagle\'s medium-low glucose (DMEM-LG; Gibco; Thermo Fisher Scientific, Inc.) in the presence of 10% fetal calf serum (FCS; HyClone; GE Healthcare Life Sciences) and 100 IU/ml penicillin-streptomycin (PS; Gibco; Thermo Fisher Scientific, Inc.) consisting the MSC medium). Cells were cultured at a concentration of 2×10^5^ cells/cm^2^ in 25 cm^2^ flasks at 37°C temperature/5% CO~2~ humidified atmosphere. One to three days after seeding, floating cells were removed and the medium was replaced by fresh MSC medium. Cells were trypsinized (P) when the confluence reached 70--90% by 0.25% trypsin-1 mM EDTA (Gibco; Thermo Fisher Scientific, Inc.). Cell counts in passages P1 and P2 were performed and doubling time (DT) was calculated according to the formula:

DT=*t/n*=*t* × log(2)/log(cells harvested/cells inoculated),

where t is the time between initial plating and harvest for the respective passage.

MSCs were characterized by their morphologic (all displayed the characteristic spindle-shape) and immunophenotypic features (data not shown) ([@b19-mmr-22-03-2521]).

### Blood sample collection

Peripheral blood samples were obtained from all participants at the same two time points as the BM samples. The first was obtained before the surgery and the second immediately after the end of the surgical procedure. All samples were processed appropriately according to standard procedures ([@b7-mmr-22-03-2521]) and serum was stored at −80°C.

### Reverse transcription-quantitative polymerase chain reaction assay

One million cells from all P2 BM-MSCs samples were homogenized in TRIzol reagent (Molecular Research Center Inc.). Total RNA from both time point samples was extracted, and cDNA was synthesized by RT with the Thermo Scientific RevertAid™ First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). The mRNA expression was measured using a RT-qPCR assay with SYBR-Green I. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control, in order to normalize SDF-1 and CXCR4 expression levels. Relative expression levels of the examined factors per sample were calculated according to 2^−ΔΔCt^ method ([@b20-mmr-22-03-2521]) followed by log2 transformation: ΔΔCT={(Ct CXCR4-Ct GAPDH) sample after}-{(Ct CXCR4-Ct GAPDH) sample before}.

The mRNA-specific primers used are listed in [Table I](#tI-mmr-22-03-2521){ref-type="table"}.

### Serum SDF-1

SDF-1 levels in sera were evaluated by ELISA method (Quantikine; R&D Systems).

### Statistical analysis

The results are expressed as mean ± SD unless otherwise stated. Pearson\'s rank coefficient (rho) was used to evaluate correlations of the expression of the molecules CXCR4 and SDF1. Wilcoxon matched-pairs signed rank test was used to compare DT from the two time point collections. Paired t-test was used to compare serum SDF-1 levels before and after nailing. Analysis was performed using GraphPad Prism v.6 statistical program (GraphPad Software, Inc). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Demographics and patient data

A total of 15 patients were included to the experimental study. All the patients were diagnosed with fracture at the diaphysis of the femur or the tibia. The average age of patients was 34.64±14.30 years. The maximum age was 62 years according to the selection criteria and the minimum was 18 years. The ratio between male/female was 10/5. The most common injury occurred in the tibia (9 out of 15) and the most common injured lower limb was the right side (8 out of 15).

### MSC characteristics and data

IC-BM samples and blood samples were collected at two time points. One sample was collected before the RIN (BN) and the other immediately after RIN (AN). Initially, a possible effect of RIN on cell DT was evaluated. DT was measured for both time point samples of MSCs for 13 out of 15 patients (median ± SEM: BN=4.37±12.97 and AN=7.87±6.34). There was no statistical difference between the DT of BN and AN samples (Wilcoxon matched-pairs signed rank test Π=0.54) ([Fig. 1](#f1-mmr-22-03-2521){ref-type="fig"}).

### SDF-1 levels following RIN

SDF-1 levels were compared in the serum between the two time point samples (mean ± SD: BN=1,300±542.8 and AN=1,633±632.4) ([Fig. 2A](#f2-mmr-22-03-2521){ref-type="fig"}). The levels of SDF-1 showed a significant increase in the sera of patients after nailing (paired t-test p=0.049) ([Fig. 2B](#f2-mmr-22-03-2521){ref-type="fig"}). The change of the levels of SDF-1 factor was also calculated with 9 out of 12 patients showing an increase in SDF-1 levels. This suggested that nailing influences the levels of SDF-1 factor. There was no statistically significant correlation between age and changes in SDF-1 serum levels (Pearson\'s r=−0.27, P=0.4), neither, any correlation between changes in SDF-1 serum levels with the patient\'s gender (Spearman\'s r=−0.19, P=0.6) or the DT (BN Spearman\'s r=0.56, P=0.1, AN Spearman\'s r=0.18, P=0.57).

### Changes of CXCR4 in MSCs after reaming nailing

The mRNA levels of CXCR4 receptor were compared between the two BM-MSC samples (BN and AN) obtained from the iliac crest. There was no significant change in the relative mRNA levels of CXCR4 receptor between the two samples (0.06±2.1) ([Fig. 3A](#f3-mmr-22-03-2521){ref-type="fig"}). In detail, a mixed trend was observed with 2 out of 9 patients showing more than 3-fold increase in CXCR4, 4 patients with moderate increase (less than 2-fold) and 3 patients with moderate decrease (less than 2-fold) in CXCR4 expression.

Furthermore, no statistically significant correlation was seen either between age or patient\'s gender or CXCR4 levels (Pearson\'s r=0.76, P=0.4 and Spearman\'s r=0.24, P=0.53, respectively). There was no correlation between the DT and CXCR4 mRNA expression (BN Spearman\'s =−0.2, P=0.58, AN Spearman\'s =−0.46, P=0.15). Interestingly, comparison of the relative mRNA CXCR4 levels of MSCs obtained from the surgical site during RIN (IN) and the MSCs aspirated from the BM pool from the iliac crest AN, a subset of patients showed that IN derived MSCs tended to have higher CXCR4 expression relative to the IC-BM derived cells following RIN (mean ± SD: IN=0.24±0.35, AN=−1.1±0.6) ([Fig. 3B](#f3-mmr-22-03-2521){ref-type="fig"}).

### Correlation of serum SDF-1 and MSC CXCR4 mRNA changes after reamed nailing

As shown above, SDF-1 increased in patient\'s sera and hence a possible correlation between SDF-1 in the serum and CXCR4 mRNA in MSCs was examined. An inverse correlation between SDF-1 in peripheral blood and CXCR4 in BM-MSCs following RIN was revealed. This observation suggested that the CXCR4 levels in MSCs are related to SDF-1 levels in the serum and possibly indicates the mobilization of MSCs through a decrease in the CXCR4/SDF-1 interaction in the IC-BM ([Fig. 4](#f4-mmr-22-03-2521){ref-type="fig"}).

Discussion
==========

In a sudden event of a fracture, an inflammatory cascade is activated in order to achieve bone healing which starts from the formation of hematoma at the fractured site and ends in callus formation. RIN procedure represents a gold standard method for surgical treatment of diaphyseal long bone fractures for successful fracture stabilization and healing. This surgical treatment stabilization of the fractured bone requires the use of a device called intramedullary nail. The preparation of the bone canal is achieved with the aid of a sharp instrument. After the stabilization of the fracture site, a race starts for the callus formation. In addition, the RIN procedure, as a traumatic event itself, participates in the inflammatory cascade. During RIN the so called debris is produced ([@b6-mmr-22-03-2521]). The debris consists of MSCs which are able to promote bone healing. Their number increases in blood during organ and tissue injuries and other strenuous situations ([@b21-mmr-22-03-2521]). MSCs are multipotent stromal cells capable of differentiating and contributing to the regeneration of mesenchymal tissues such as bone, cartilage, fat, tendon and muscle ([@b22-mmr-22-03-2521]). MSCs are a source of progenitors for cell replacement and also activate or revive other local cells, such as tissue-resident progenitor or stem cells, endothelial cells and fibroblasts, to facilitate tissue regeneration via paracrine stimulation ([@b23-mmr-22-03-2521]--[@b26-mmr-22-03-2521]).

The movement of MSCs to injured tissues is described as endogenous stem cell homing and their subsequent participation to tissue repair is considered a natural self-healing response. In cases of injuries MSCs are recruited and mobilized into the damaged bone via local membrane and the peripheral circulation. There, MSCs enhance bone regeneration by differentiating directly into bone formation cells and modulating the biological environment by secreting growth factors and anti-inflammatory cytokines ([@b26-mmr-22-03-2521],[@b27-mmr-22-03-2521]). It has been demonstrated that MSCs migrate via the CXCR4 receptor to the fracture site and improve healing by affecting the biomechanical properties and increasing the cartilage and bone content of the callus ([@b28-mmr-22-03-2521]). This migration is a multistep process which is mediated by homing receptors, endothelial co-receptors and chemotactic cytokines. The SDF-1/CXCR4 signaling axis has been demonstrated to be vital for MSCs homing ([@b29-mmr-22-03-2521]).

The stress response after a fracture is the summary of physiologic response to the initial injury - the first hit, followed by the response to any ongoing surgical intervention such as RIN which represents the second hit ([@b30-mmr-22-03-2521]). RIN provokes an inflammation as a cellular response that occurs during tissue injury due to the procedure. Inflammation is characterized by increased vascular permeability, recruitment of inflammatory cells, release of inflammatory mediators and turnover of matrices. That inflammatory wave is an important regulator for bone regeneration which initiates the repair cascade ([@b31-mmr-22-03-2521]). Since MSC are implicated in tissue regeneration by recruitment to the inflammatory sites and the SDF-1/CXCR4 axis is vital for MSC homing and mobilization, this axis was selected to be investigated in order to examine the correlation, if any, to the RIN procedure and the contribution to fracture healing and callus formation ([@b32-mmr-22-03-2521],[@b33-mmr-22-03-2521]).

In order to examine the effect of RIN in the MSC BM pool, samples before and after the surgical procedure were aspirated from the iliac crest. In addition, blood samples were collected in parallel for the evaluation of the SDF-1 levels. The serum levels of SDF-1 were increased in peripheral blood following RIN and were associated with a decrease in CXCR4 mRNA in BM-MSCs. Taking into consideration that SDF-1 is a chemokine strongly chemoattractant to MSCs through its unique receptor CXCR4 ([@b33-mmr-22-03-2521]) and has also been demonstrated highly expressed at injury sites and enhanced endochondral bone formation by homing MSCs ([@b34-mmr-22-03-2521],[@b35-mmr-22-03-2521]), it could be suggested that RIN induces the rise of SDF-1 serum levels as long as the surgery represents a traumatic event for bone tissue at the injury site. Under normal circumstances MSCs and progenitor cells remain in the BM niche, where they are anchored due to the interaction between SDF-1 expressed in MSC niche and the CXCR4 receptor which is a membrane lipid ([@b29-mmr-22-03-2521]). RIN as the second hit phenomenon promotes an inflammatory wave, provokes the release of several proteolytic enzymes such as MMPs and neutrophil elastase by granulocytes and monocytes and the enzymes affect the integrity of SDF-1/CXCR4 axis connection which acts as anchor for MSCs thus promoting their mobilization from BM niche ([@b13-mmr-22-03-2521]). The present study showed that SDF-1 levels following RIN were increased which may be explained because SDF-1 is showed to be stimulated by hypoxic environment such as during RIN ([@b36-mmr-22-03-2521]). The mobilization of BM stem cells by interfering with the axis SDF-1/CXCR4 interactions, has been demonstrated to enhance bone regeneration. SDF-1 secreted by BM-MSCs, bone endothelium, osteoblasts and stimulated proliferation and growth of B-cell progenitors represent the soluble factor for CXCR4 receptor at the surface of MSCs. This event at the initial stage of bone healing is crucial because the SDF-1 presence promotes osteoblast progenitors migration, differentiation and bone remodeling ([@b37-mmr-22-03-2521],[@b38-mmr-22-03-2521]).

Therefore, RIN through MSC migration under the action of CXCR4/SDF-1 axis may promote the fracture healing procedure through the gathering of multipotent MSCs to the 'damaged' and fractured bone site. The increased SDF-1 serum levels are reversely correlated to mRNA CXCR4 on BM-MSCs after nailing. This could possibly indicate mobilization of activated MSCs from the IC-BM pool. Activation of SDF-1 pathway could be expected due to inflammatory events that follow the surgical procedure and as a consequence of tissue damage. Our findings that SDF-1 levels increased after nailing point to this direction.

The mRNA levels of CXCR4 receptor after RIN, relative to the levels before the procedure (baseline) were also investigated. In contrast to the changes in SDF-1 serum levels, no specific trend in CXCR4 mRNA levels in MSCs following RIN was found and highly variable, patient-dependent response that included mixed trend of CXCR4 mRNA levels following RIN was observed ([@b12-mmr-22-03-2521]). CXCR4 expression has been reported to be down-regulated in aged BM-MSCs, thus reducing their migration and anti-inflammatory capacity, however, we did not observe any correlation of patient\'s age or gender with CXCR4 changes ([@b39-mmr-22-03-2521]). It could be hypothesized that the increase of SDF-1 expression following RIN, induces a cascade of mobilization through the decrease in expression of CXCR4 and subsequently reduction of MSC anchorage within the BM pool stimulating their migration. In support of this hypothesis we determined the CXCR4 mRNA expression of MSCs obtained directly from the site of the fractured limb. They conversely showed higher CXCR4 mRNA level expression compared to MSCs obtained from the iliac crest following RIN suggesting MSCs which possessed enhanced homing capacity ([@b40-mmr-22-03-2521]).

The time interval between the incidence of the fracture and the RIN procedure ranged from 3 to 14 h. This could be a limitation of our study since CXCR4 change was determined using BN sample as baseline and if there is a fluctuation in mRNA CXCR4 levels the different time windows among the patients may explain the mixed trend of their levels compared to baseline CXCR4. It could be hypothesized that CXCR4 mRNA changes may represent a different phase of cell migration under the effect of the axis CXCR4-SDF-1 that occurred prior to RIN. This is supported by previously reported data that the signals which regulate stem cells mobilization are often weakened or impaired because the function of SDF-1 is short lived ([@b41-mmr-22-03-2521]).

There was no correlation between MSC count comparing the two time points, BN and AN. The absolute number of cells was not correlated with changes during the RIN. Also the dynamics of the cells for both samples (BN and AN), as represented by DT, did not show any statistically significant difference. RIN did not trigger MSC population to proliferate in a different way at these specific time points. There was no difference in fracture healing among the patients and the time to achieve callus formation was similar. Also, no nonunion or malunion was detected among the patients.

There are limitations in the present study. First, the adopted inclusion criteria and the type of bone fracture limited the number of included patients in the experimental study. Second, the femur or tibia fractures are not common or frequent diagnoses. However, this is a first attempt to investigate the connection of the axis CXCR4/SDF-1 with RIN, which based on the extracted results, should be expanded to a larger patient group. A future study could include the characterization of more MSC migration and homing pathways, which could further illuminate the molecular and biochemical effects of RIN in the MSC population.

In conclusion, the present study provides evidence of the effects of RIN on MSC population. The axis CXCR4/SDF-1 which contributes to MSC migration was selected and the levels of serum SDF-1 factor were shown to be elevated after the RIN. In addition, the increased levels of SDF-1 in peripheral blood were reversely correlated to the mRNA levels of CXCR4 on BM-MSCs after the RIN. It could be suggested that RIN induce an inflammation cascade through the phenomenon of second hit which increases the inflammation response within the BM niche. The enzymes digest the integrity of CXCR4/SDF-1 complex which is in balance and that event brakes the anchors of MSCs and facilitate the MSC migration. MSC migration happens through various expression of CXCR4 receptor at the surface of stem cells in response to the gradient of SDF-1 by chemoattaction. SDF-1 is the director of the attraction and migration of MSCs since it is released also from the injury site. The recruitment and homing of MSCs are essential for bone healing since MSC mobilization stimulates angiogenesis and bone remodeling.

Not applicable.

Funding
=======

No funding was received.

Availability of data and materials
==================================

The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Authors\' contributions
=======================

IS, ET, CK, SM and THT collected the samples and carried out the experiments. IS and ET wrote the manuscript. DAS, KMA and GK contributed to the conception of the work and provided critical revision.

Ethics approval and consent to participate
==========================================

Ethics committee of the University Hospital of Heraklion approved the protocol and all patients included in the study were informed and provided written consent.

Patient consent for publication
===============================

All patients provided written informed consent for publication of the results.

Competing interests
===================

DAS is the Editor-in-Chief for the journal, but had no personal involvement in the reviewing process, or any influence in terms of adjudicating on the final decision, for this article. The other authors declare that they have no competing interests.

![DT of BN and AN samples are similar. DT of MSCs prior to and following RIN procedure according to each patient, calculated as described in methods. DT, doubling time; RIN, reamed intramedullary nailing; BN, before RIN; AN, after RIN.](MMR-22-03-2521-g00){#f1-mmr-22-03-2521}

![SDF-1 increases in the serum of patients following RIN. (A) Mean levels of SDF-1 measured by ELISA in sera of patients prior to and following RIN procedure. (B) Comparison of serum SDF-1 levels per patient. (\*P\<0.05, paired t-test). SDF-1, stromal cell-derived factor 1; RIN, reamed intramedullary nailing; BN, before the RIN; AN, after RIN.](MMR-22-03-2521-g01){#f2-mmr-22-03-2521}

![Change of CXCR4 mRNA following RIN. (A) CXCR4 mRNA levels in patients following RIN relative to baseline levels (BN). (B) CXCR4 mRNA levels between IN and AN samples relative to baseline levels (BN). CXCR4, C-X-C motif chemokine receptor 4; RIN, reamed intramedullary nailing; BN, before RIN; AN, after RIN; IN, intramedullary nailing.](MMR-22-03-2521-g02){#f3-mmr-22-03-2521}

![Inverse correlation of serum SDF-1 and MSC CXCR4 changes following RIN. Scatter plot of changes in CXCR4 mRNA levels relative to changes in SDF-1 serum protein levels (Pearson r and P-value). SDF-1, stromal cell-derived factor 1; MSCs, mesenchymal stem cells; CXCR4, C-X-C motif chemokine receptor 4; RIN, reamed intramedullary nailing.](MMR-22-03-2521-g03){#f4-mmr-22-03-2521}

###### 

Primer sequences used for RT-qPCR.

  Gene    Primer sequence (5′-3′)   Annealing temperature, °C
  ------- ------------------------- ---------------------------
  CXCR4   F: GGTGGTCTATGTTGGCGTCT   55
          R: TGGAGTGTGACAGCTTGGAG   
  GAPDH   F: AGCCACATCGCTCAGACA     53
          R: CCAATACGACCAAATCCGTT   

RT-qPCR, reverse transcription-quantitative polymerase chain reaction; F, forward; R, reverse.
